As one of the electromagnetic plasma acceleration systems, we have proposed a rotating magnetic field (RMF) acceleration scheme to overcome the present problem of direct plasma-electrode interactions, leading to a short lifetime with a poor plasma performance due to contamination. In this scheme, we generate a plasma by a helicon wave excited by a radio frequency (rf) antenna which has no direct-contact with a plasma. Then, the produced plasma is accelerated by the axial Lorentz force f z ¼ j h Â B r (j h is an azimuthal current induced by RMF, and B r is an external radial magnetic field). Erosion of electrodes and contamination are not expected in this total system since RMF coils and an rf antenna do not have contact with the plasma directly. Here, we have measured the plasma parameters (electron density n e and axial ion velocity v i ) to demonstrate this RMF acceleration scheme by the use of AC currents in two sets of opposing coils to generate a RMF. The maximum increasing rate Dv i /v i was $28% (maximum v i of $3 km/s), while the density increasing rate of Dn e /n e is $ 70% in the case of a RMF current frequency f RMF of 3 MHz, which showed a better plasma performance than that with f RMF ¼ 5 MHz. Moreover, thrust characteristics such as a specific impulse and a thrust efficiency were discussed, although a target plasma was not optimized. Published by AIP Publishing. [http://dx
I. INTRODUCTION
In recent years, a high fuel efficiency and a long operating time of electric propulsion systems have been required for a deep space exploration. An electric propulsion system 1 has a higher specific impulse (exhaust velocity divided by gravitational acceleration), which represents a fuel efficiency, than the conventional chemical system, and thus, it is suitable for this deep space exploration. However, in most of the present electric propulsion systems, e.g., an ion engine, a Hall thruster, and a Magnet-Plasma-Dynamics (MPD), 1 electrodes have a direct contact with a plasma, causing the erosion of electrodes and contamination of the plasma. Therefore, the operation lifetime of the thruster is limited, and a degradation of plasma performance occurs.
In order to solve this problem, "electrodeless" operation is important such as the use of a helicon wave 2 to generate a high-dense plasma up to $10 13 cm À3 by the use of an rf (radio frequency) antenna wound around as the insulation tube. 1 One of the examples utilizing the helicon wave is the Variable Specific Impulse Magneto-plasma Rocket (VASIMR), 3 which also employs an Ion Cyclotron Heating (ICH) scheme to accelerate the helicon produced plasma without a direct contact between the ICH antenna and the plasma. However, studies on electrodeless operation with a high-efficiency of plasma production and acceleration in a controlled manner are not enough.
Here, we have proposed a Helicon Electrodeless Advanced Thruster (HEAT) 4, 5 in this concept of no electrodes directly interacting with a plasma. In this system, plasma generation is executed by a helicon wave applied by an external rf antenna, and acceleration is also made by an external antenna wound around a discharge tube instead of the use of electrodes which have contact with a plasma directly. Among several kinds of electrodeless plasma acceleration schemes proposed by the HEAT project, we have chosen a rotating magnetic field (RMF) 6 electromagnetic acceleration scheme 4, 5, 7 as one of the plasma acceleration schemes. The idea of the RMF scheme comes from a method of inducing azimuthal current to maintain the field reversed configuration (FRC) 6 in a magnetically confined fusion plasma research (closed magnetic field configuration). In our propulsion scheme, a high-dense helicon plasma is generated by an rf antenna and then accelerated by using RMF coils in the open magnetic field configuration of the divergent field. The RMF can be expected to induce an azimuthal current j h , and the axial Lorentz force f z is generated in the presence of the external applied, static radial magnetic field B r . Here, applying the RMF method to a plasma acceleration system under the divergent magnetic field (open magnetic field configuration) is very unique, and there are few references published as far as we know, and thus, this scheme should be advanced for the next generation thrusters if promising.
Here, in our previous experiment, we have examined the RMF acceleration scheme with a RMF coil current frequency f RMF ¼ 5 MHz. 7 According to an estimation based on the Milroy expression for the RMF penetration, 8 it can penetrate partially into a plasma at a radial position r ¼ 0-45 mm, and full penetration is made near r ¼ 60 mm with f RMF ¼ 5 MHz, 7 where the plasma radius R is $85 mm.
In the present experiment, we have lowered f RMF from 5 MHz to 3 MHz to investigate the effect of plasma a) Electronic mail: yamatotech.pro.1@gmail.com performance with a better RMF penetration condition expected and compared the increasing rates of electron density n e and ion velocity v i , which are denoted as Dn e /n e and Dv i /v i , respectively, between f RMF ¼ 3 MHz and 5 MHz. Here, we have examined the dependencies of n e and v i on a RMF coil current I RMF and a phase difference / of I RMF between two sets of pair coils, relating to a RMF rotation direction, which can change, e.g., an acceleration and a deceleration of a plasma, with f RMF ¼ 3 MHz. This frequency case showed a better plasma performance than that with f RMF ¼ 5 MHz described later.
Note that f RMF is higher than the usual FRC experiment by one order of magnitude. 6 This is because higher f RMF leads to a higher induced azimuthal current j h , as long as the RMF penetration condition is satisfied, which leads to the fewer input RMF power, necessary in space, with the same j h .
The outline of this paper is as follows: The RMF acceleration method is explained in Sec. II, and the experimental setup is described in Sec. III. In Sec. IV, the experimental results, changing the external parameters, are shown, followed by a comparison between the results of f RMF ¼ 3 MHz and 5 MHz. Finally, conclusion and discussion are presented in Sec. V.
II. RMF ACCELERATION SCHEME
In our RMF experiment, f RMF is in the range f ci ( f RMF ( f ce , where f ci and f ce are an ion and an electron cyclotron frequency, respectively, and a schematic view of the RMF coils to induce an azimuthal current j h , producing the axial Lorentz force f z , is shown in Fig. 1 . The process of inducing j h can be explained, as shown below. 6 First, the rotating magnetic fieldB RMF is generated by the two pairs of RMF coils with AC currents, which have a phase difference of 90 between them as an acceleration phase. Second, the oscillating axial component of the electrostatic fieldẼ z is induced due to Faraday's electromagnetic induction law. Then, the oscillating axial currentj z is generated by Ohm's law, as shown in Eq. (1), which has the AC and DC components
Here, e and g are the elementary charge and plasma resistivity, respectively. Third, the Hall term hj zBr i in the second term on the left of Eq. (1) is produced with the radial componentB r of B RMF . This term has a steady part, relating to j h , which we need, and a part that varies with 2x, where x is 2pf RMF . As time goes on after applying the RMF, electrons can rotate in the azimuthal direction in the following velocity v eh , and then, the azimuthal current j h , as shown in Eq. (2) , is generated, where v eh is the azimuthal velocity
Moreover, the electrons start to rotate like a rigid body in the azimuthal direction, and the maximum v eh can be expected as follows: in the case of a full penetration of the RMF,
Finally, the axial Lorentz force f z is generated by this induced j h and the external applied radial magnetic field B r , as shown in Eq. (4)
In this RMF acceleration scheme, we should also consider a RMF penetration condition, relating to Eq. (3). We use Milroy's expression, 8 to assess this condition, as shown in Eq. 
where c c is the critical value of the Hall parameter (electron cyclotron angular frequency, using the RMF field normalized by an electron-ion and an electron-neutral collision frequency), and k is R normalized by skin depth. We can derive these values from experimental results/conditions, and a full penetration condition is satisfied if c/k is larger than c c /k. Here, we need to consider the tradeoff conditions of operating parameters, taking the intermediate values such as n e and x, considering Eqs. (3) and (5), which will be discussed later.
III. EXPERIMENTAL SETUP
A. High-dense plasma source
The schematic view of the Large Mirror Device (LMD) 9 is shown in Fig. 2 . The axial length and inner diameter of the chamber are 1700 mm and 445 mm, respectively. Considering a wall loss of a plasma in a divergent field, a quartz tube (1000 mm in axial length) has a tapered shape (100-170 mm in inner diameter). To generate a plasma, we use a half helical antenna, whose azimuthal mode 10 is m ¼ 1. A highdense plasma (n e is up to 10 13 cm À3 ) can be generated in the presence of the magnetic field using electromagnetic coils and permanent magnets (PMs), whose grade is N35, made by NeoMag Co. Ltd. In our present experiment, we use only permanent magnets, whose magnetic flux and its field lines are simulated by the FEMM code, 11, 12 as shown in Fig. 3 , to generate an external divergent magnetic field. A typical plasma density in a downstream region, $200 mm away from a production one, is $10 11 cm À3 , which is low compared to that in a typical high-density helicon plasma (with the use of electromagnets and a rf power of $3 kW in our experiment). This is because we injected the lower input power less than 3 kW without electromagnets in the present experiment, and the density decays along the axis from the production region. Typically, we introduce an Ar gas as a propellant, and the background pressure is $10 À4 Pa with an excitation rf frequency f rf being 7 MHz and an input rf power P rf being $1 kW.
B. RMF coils
In our present experiment, RMF coils have two pairs of 5 turns, i.e., opposed facing coils (168 mm in the axial direction Â 115 mm in the azimuthal direction), which are wound around the tapered section of the quartz tube, as shown in Figs. 1 and 2 . Here, these coils are made of oxygen-free copper with 15 mm width and 0.5 mm thickness, and their axial position is z ¼ À310-À142 mm (see Fig. 2 ), considering the external PM configuration. The phase difference / between two sets of pair coils' current I RMF can change a rotation direction of B RMF in the azimuthal direction: / ¼ 90 and À90 denote an axial acceleration and a deceleration of a plasma, respectively. We apply 30 ms RMF current I RMF from t ¼ 35 to 65 ms for a 75 ms rf pulse, plasma generation discharge, leading to an easy comparison of the plasma performance between the cases of w/ and w/o RMF in one discharge shot. Therefore, we averaged data w/ (w/o) RMF from t ¼ 40 (15) ms to 60 (30) ms to derive v i and n e , using eight discharges.
C. Mach probe
We use a two-electrode type Mach probe to measure the radial distributions of v i and n e (we express the radial measurement position as r, and r ¼ 0 mm indicates the center of the quartz tube) at the axial position of z ¼ À130 mm, which is a downstream of RMF coils, as shown in Fig. 2 . Concerning electrodes, we use two tungsten rods with a diameter of 0.8 mm and insert them into two holes of an insulator pipe, which is made of Al 2 O 3 . We can measure a ratio of ion saturation currents between the two electrodes with a 4 mm length, which are exposed to a plasma. The insulator pipe has a separating barrier near the middle region to divide a plasma flow into an upstream and a downstream side of the electrodes, respectively. Here, we can calculate the ion Mach number 13 from the current ratio, employing an unmagnetized model (model constant j ¼ 1.26), 13, 14 and can derive a local v i , applying a typical electron temperature T e of 5 eV. To derive n e , we have an average value of current densities from the two electrodes, using more than 8 discharge shots.
IV. RESULTS OF RMF ACCELERATION
In order to demonstrate the RMF acceleration scheme, following experiments were executed with f RMF ¼ 3 MHz: A, 2017) n e and v i by changing I RMF ; B, dependencies of n e and v i on current phase difference /; C, radial distributions of n e and v i by changing the gas flow rate (fr); and D, comparison of increasing rates of n e and v i between f RMF ¼ 3 MHz and 5 MHz. In these experiments, n e and v i are measured by using a Mach probe at z ¼ À130 mm, as was mentioned and is shown in Fig. 2 , and experimental conditions are shown in Table I . , increased quadratically with I RMF , and the increase of n e was also found with I RMF . Here, when Dv i /v i , i.e., an increase in v i , normalized by v i is small with constant n e , an increase of a thrust from a dynamic pressure term of n i m i v i 2 [the product of particle flux n i v i and momentum m i v i ] is proportional to v i Dv i [n i : ion density (¼n e ); m i : ion mass]. Therefore, Dv i is expected to be proportional to I RMF 2 in an ideal case of fixed n e (of course, a change of n e must also be taken into account basically). When I RMF $ 14.8 A pp , the maximum increasing rates of n e and v i were $70% and $18%, respectively. The plasma thrust, which is the sum of a particle flux component (dynamic pressure) n i m i v i 2 , and a static pressure n e kT e , where k is the Boltzmann constant, was increased since both n e and v i are increased by increasing I RMF . In our previous RMF experiments with f RMF ¼ 5 MHz, I RMF could be increased up to 50 A pp 15 because of better rf matching conditions, but typical increases of n e and v i were $12% and $14%, 7 which were much smaller than those of the present results, which will also be discussed in D.
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B. Dependencies of n e and v i on / with f RMF 5 3 MHz As was described, / ¼ 90 and À90 indicate acceleration and deceleration phases, respectively. From Fig. 5(a) , Dn e /n e was the highest ($50%) for / ¼ 90 and the lowest ($6%) for / ¼ À90 in the case of the f RMF ¼ 3 MHz, and the obtained curve was nearly sinusoidal, as is expected from the RMF scheme, 6 which was discussed in Section II. For the case of w/o RMF, n e was not constant as a function of /, since we have averaged data w/ and w/o RMF using the same shot, as was mentioned. In any phase, the increase of n e has been seen except for / $ À90
, suggesting a possibility of the plasma generation, in addition to the acceleration. Here, no clear wave excitation, such as a helicon wave to contribute a plasma production, was found in a previous experiment. 7 In Fig. 5(b) , the dependence of v i on / was similar to n e . However, we need to have additional data to examine the effects of / on plasma performance in more detail, changing the external conditions for future study.
C. Radial distributions of n e and v i by changing fr with f RMF 5 3 MHz Figure 6 (a) shows the radial profiles of n e w/ and w/o applying a RMF. In all regions, n e increased w/ RMF, and in the plasma center, n e was the highest in both cases of w/ and w/o RMF regardless of fr, and n e decreased in the outer radial direction. The highest Dn e /n e was $58% in the case of r ¼ 0 mm and fr ¼ 40 sccm. Figure 6(b) shows that in all regions, v i also increased w/ RMF. In the case of fr ¼ 40 sccm, v i increased by up to 22% and 28% at r ¼ 0 and 60 mm, respectively [see also Fig. 7(b) ].
Here, we will discuss the enhanced plasma thrust performance by the RMF scheme. A plasma thrust F was increased from $1.6 mN to $4.2 mN, by applying the RMF method in the case of P rf ¼ 1 kW and fr ¼ 40 sccm. Namely, the dynamic and static pressures increased from $1.2 mN to $1.9 mN and $0.4 mN to $2.3 mN, respectively, by this RMF. These estimations were derived from radial experimental curves of n e and v i . Here, a total input RMF power was $390 W, and electron temperature T e was taken as a typical value of 5 eV. Also, I sp , thrust to power ratio F/P, and thrust efficiency g increased from $140 s to $360 s, $2.8 mN/kW to $5.7 mN/kW, and $0.2% to $1.0%, respectively, by an application of RMF.
Note that the absolute values of these thrust parameters in the present experiment are not so good compared to the helicon thrusters w/o additional acceleration methods achieved so far. 16 In order to survey this RMF acceleration method, we have demonstrated the RMF effect on the plasma parameters for the case of lower RF power, causing lower electron density, which is necessary for the RMF penetration condition according to Milroy's expression, even though the thrust performance has not been optimized.
For our future experiments, here, we will discuss an ideal case (an upper limit) of an electromagnetic acceleration force in the case of f RMF ¼ 3 MHz using the present, optimized experimental conditions. If we have a full penetration of RMF and an acceleration region is 0-85 mm in a radial direction with an axial length of 168 mm, which is the same as the present RMF coils, this force is estimated to be close to 50 mN (f RMF ¼ 3 MHz, I RMF ¼ 13.6 A pp , and fr ¼ 40 sccm). This theoretical expected performance is excellent, e.g., from a viewpoint of F/P, but we need to consider a critical point of an open magnetic configuration in our experiment to be carried out: particle transit time along the field is short, and thus a particle confinement is poorer than that of FRC. On the other hand, as was mentioned above, with the increase in rf generation power with the use of electromagnets, we can have a better performance as a target plasma, which should be tested in future. In Fig. 7 , radial profiles of the increasing rates of n e and v i are shown, comparing the cases between f RMF ¼ 3 MHz and 5 MHz. Both increasing rates of n e and v i with f RMF ¼ 3 MHz were higher than those with f RMF ¼ 5 MHz, even though I RMF in the case of f RMF ¼ 5 MHz is higher than that of 3 MHz by a factor of $three. In Fig. 7(a) , the increasing rates of n e with f RMF ¼ 3 MHz were close to $60% in all radial positions, and Fig. 7(b) shows that the maximum Dv i /v i was $28% at r ¼ 60 mm, and Dv i /v i is higher than that of f RMF ¼ 5 MHz in the entire radial positions.
The different behaviors between f RMF ¼ 3 MHz and 5 MHz of increases of n e and v i along with the antennaplasma coupling, considering the RMF penetration, 8 will be discussed in Section V. Anyway, increases of the dynamic pressure of n i m i v i 2 (n i ¼ n e ) and a static one of n e k T e , in the case of f RMF ¼ 3 MHz, are very important from a viewpoint of practical thruster development regardless of the acceleration mechanism, where the total thrust is the sum of these two pressures integrated over a plasma cross section. Furthermore, the higher increasing rate Dn e /n e , by decreasing f RMF from 5 MHz to 3 MHz, is expected to increase the azimuthal current j h , described in Eq. (2) , and this contributes to the increased Lorentz force, as shown in Eq. (4). However, we need to consider a drawback of lower f RMF since j h is also proportionate to f RMF in a full penetration condition of RMF. For a future study, we need to investigate the acceleration mechanism in more detail, e.g., by two dimensional measurements of n e and v i in an inner and an outer regions of the RMF antennas and alsoB r and the axial magnetic fieldB z (DC component as well) by magnetic probes to survey the field penetration conditions and derive the induced current j h by using a Maxwell equation of r Â B ¼ l 0 j (Rogowski coil can also be used).
V. DISCUSSION AND CONCLUSION
In this paper, we have demonstrated experimentally plasma acceleration, i.e., increases of v i , using the RMF scheme in the cases of f RMF ¼ 3 MHz and 5 MHz for realizing the electrodeless helicon plasma propulsion system in future. We have measured n e and v i by using a Mach probe and found that the increases of n e and v i were approximately proportional to I RMF 2 .
In the cases of f RMF ¼ 3 MHz, we have investigated the dependencies of the increasing rates of n e and v i on /: nearly sinusoidal forms were found, and the increases of n e and v i in the deceleration phase (/ ¼ À90 ) were very small in comparison to the acceleration phase (/ ¼ 90 ), as was expected in this scheme. Thus, it was clearly and successfully found that the RMF scheme in the presence of the divergent field can contribute to a plasma acceleration and plasma generation. Anyway, with an application of RMF, significant increases of the dynamic pressure of n i m i v i 2 and static one of n e k T e were found, which is very useful from a practical view point of the increased thruster realization.
From the radial profiles of n e and v i in Fig. 6 , both n e and v i increased with an application of RMF by changing a gas flow rate, and the higher density and ion velocity increases were obtained in the center of a cylindrical plasma, except for the case of fr ¼ 40 sccm and r ¼ 60 mm [see Fig.  7 (b)]: v i is increased by up to $28%. Therefore, in our RMF acceleration with f RMF ¼ 3 MHz, the higher increase of v i is also expected to be induced by the density gradient in the axial direction in addition to an induced j h by the RMF scheme and the radial density gradient, e.g., electron diamagnetic current. We have a plan to measure the axial profiles of n e and v i in addition to radial ones for a future study.
As estimation parameters of the RMF penetration, 8 we generally use the Hall parameter c. The RMF coils were applied up to I RMF ¼ 13.6 A pp with f RMF ¼ 3 MHz, while I RMF ¼ 40 A pp with f RMF ¼ 5 MHz in this experiment, as shown in Fig. 7 . According to Milroy's expression, 8 the full (partial) RMF penetration can be expected when c / k is larger (lower) than 1.12 for k < 6.5, as was expressed in Eq. (5). Thus, the full penetration was not satisfied in the entire radial positions with f RMF ¼ 3 MHz since c/k were 0.29 (r ¼ 0 mm) and 1.08 (r ¼ 60 mm), with k being lower than 6.5 in this experimental condition. On the other hand, full penetration was satisfied at r ¼ 60 mm in this experimental condition with f RMF ¼ 5 MHz since c/k were 1.03 (r ¼ 0 mm) and 2.96 (r ¼ 60 mm) with k < 6.5. Here, at r ¼ 0 (60) mm, n e were taken as $3.0 ($1.0) Â 10 11 cm À3 with f RMF ¼ 3 MHz and $1.2 ($0.7) Â 10 11 cm À3 with f RMF ¼ 5 MHz w/ RMF, in the central axial region of the middle of the RMF coils.
However, the increasing rates of n i and v i with f RMF ¼ 3 MHz were higher than those with f RMF ¼ 5 MHz, as was mentioned. As a possible cause, the RMF power coupling to the plasma with f RMF ¼ 3 MHz was better than that with f RMF ¼ 5 MHz since the maximum net power absorbed by the plasma with f RMF ¼ 3 (5) MHz was $150 ($40) W even though I RMF with f RMF ¼ 3 MHz was lower than that with f RMF ¼ 5 MHz. Therefore, the higher Dn e /n e was obtained by the better antenna-plasma power coupling, which comes from higher plasma resistance R p of the RMF antenna with f RMF ¼ 3 MHz, causing also higher Dv i /v i than those with f RMF ¼ 5 MHz. A better RMF penetration condition, where c/k (higher value is better) is proportional to B RMF Á(f RMF Án e ÁP 0 ) À1/2 (P 0 : neutral pressure), can be expected due to a decrease of P 0 caused by this increase of n e (but the product of n e ÁP 0 must be estimated experimentally) according to Milroy's expression especially in the case of f RMF ¼ 3 MHz. Note that generally an increase of R p due to the better plasma coupling leads to a decrease in I RMF , causing a lower c/k value if the input RMF power is the same. Anyway, as was mentioned, these increased dynamic and static pressures are very important from a viewpoint of a practical thruster development regardless of the acceleration mechanism.
Next, we will discuss briefly a power balance to produce a plasma. The net absorbed production rf power with f rf ¼ 7 MHz was $380 W from an input power of 1 kW in both cases of RMF application. If we simply use a net RMF power of $150 ($40) W with f RMF ¼ 3 (5) MHz in the acceleration phase / ¼ 90 , as was described, n e is expected to increase by $40 (11)%, which roughly agrees with the data in Fig. 7 , keeping the production efficiency constant, i.e., density is proportional to the input power. In contrast to this, in the case of the deceleration phase / ¼ À90 , we did not see any appreciable increases of n e and v i , in spite of the net RMF power injections of $150 ($40) W with f RMF ¼ 3 (5) MHz. Although we can also see increases of v i by an application of RMF, it is necessary to distinguish the plasma acceleration and production roles in the next stage. However, as was mentioned, no clear wave excitation, such as a helicon wave to contribute a plasma production, was found in a previous experiment. 7 Hereafter, considering the increase of electromagnetic acceleration, which is expressed in Eq. (4), we need a further increase of j h , which is proportional to f RMF from Eqs. (3) and (4) . On the other hand, lowering f RMF is desirable due to a better RMF penetration condition, which must be considered as a tradeoff condition. From our experimental results, since f RMF was decreased from 5 MHz to 3 MHz, an acceleration effect was considered to be smaller than that with f RMF ¼ 5 MHz even if the field penetration conditions are the same. However, the Dv i /v i was higher than that in f RMF ¼ 5 MHz. Therefore, it is necessary to measure j h by a Rogowski coil (detection of the 2x component, described in Eq. (2), may be easier, concerning a signal, instead of a DC component) or an axial magnetic fieldB z by using a magnetic probe, using a Maxwell equation to derive j h , to clarify the penetration of B RMF to induce j h for a future study, in addition to the measurement of spatial profiles of B RMF , as was mentioned. In order to crosscheck the effect of RMF acceleration, it is also planned to introduce other measurements, e.g., measuring thrust by using a thrust stand, which has a cylindrical shape, considering the particle collision with the stand to make the momentum thruster, 16, 17 and Laser Induced Fluorescence (LIF) methods, 18 which enable us to measure the plasma parameter in a non-contact condition. Needless to say, in order to see the acceleration effect more, it is necessary to increase both I RMF and a number of turns of RMF coils, e.g., total ampere-turns, which leads to an increase in B RMF , considering the optimized RMF frequency and also the inductances of RMF coils to have a proper impedance matching from an experimental viewpoint, leading to a better thrust efficiency.
